INTRODUCTION
Genetic linkage analysis, as an approach to mapping human disease loci, has become much more powerful with the availability of vast numbers of new genetic linkage markers generated by recombinant DNA techniques (1, 2) . These DNA markers, commonly termed restriction fragment length polymorphisms IRFLPs), represent heritable variations in the base sequence of human genomic DNA detected by Southern blot analysis. Polymorphic DNA markers, already far more numerous than the classical expressed polymorphisms, have been used successfully to map the Huntington's disease gene to chromosome 4 and to regionally localize the Duchenne muscular dystrophy locus and other disease genes on the X chromosome (3) (4) (5) .
Ultimately, it should be possible to construct complete linkage maps of all human chromosomes and thereby permit the systematic mapping of disease genes in family studies.
A chromosome for which it would be especially useful to have a large set of polymorphic markers is human chromosome 21.
The role of trisomy 21 in causing Down Syndrome is well established (6) . Furthermore, it represents a region of the genome in which there is currently a lack of genetic markers, making it impossible to test effectively for the presence of disease genes by linkage analysis. Finally, the small size of this chromosome increases the probability that genes mapped to it could be isolated using a chromosomespecific cloning strategy (7) .
We report here the isolation and characterization of polymorphic DNA markers from human chromosome 21. We have constructed recombinant libraries using genomic DNA from a human-mouse hybrid cell containing only human chromosome 21. Recombinant phage containing human inserts were identified and repeat-free subclones have been obtained in a number of cases. The extent to which each of these subclones detects RFLPs and is useful as a genetic marker has been evaluated. This work has resulted in the discovery of 9 new DNA markers, and represents our first step in generating a linkage map for human chromosome 21.
HATERIALS AND METHODS

Cell Lines
WA17 is a subclone of the mouse-human hybrid cell line WAVR4d-F9-4a which contains chromosome 21 as its only human chromosome (8, 9) . It was originally isolated by Dr Regina Dutkowski and kindly provided to us by Dr Gretchen
Darlington. Cell fusion, isolation, and characterization of the human-mouse somatic cell hybrids comprising the mapping panel has been described (10, 11) .
Cell hybrids were examined for human chromosome-specific enzyme markers (11, 12) , chromosomes (13) , and hybridization to the chromosome 21 probes on the same cell passage.
DNA Isolation and recombinant library construction
Cell line DNAs used for polymorphism screening were prepared as described from lymphoblastoid cell lines obtained from unrelated individuals (14, 15) .
DNA used for mapping studies was isolated from human, mouse, and hybrid cells as described (16) . High molecular weight WA17 DNA was prepared as previously described (15) (17) . DNA from phage clones with human inserts (identified as described under "Results" was digested with EcoRI, fractionated on agarose gels, and transferred to nitrocellulose (18) . Repeat-free DNA fragments identified by lack of hybridization to P-labeled human DNA were isolated from agarose gels by binding the DNA to glass fiber filters (GF/C, Whatman) in the presence of 8M NaCl) (19 EcoRI, but it is likely that single-copy segments could have been identified in additional phage clones had other restriction enzymes also been employed.
Twenty-one of these repeat-free segments were chosen for subcloning into the EcoRI site of pBR328 as indicated in Table 1 .
Screening for DNA polymorphisms
To check the human origin of each single-copy fragment, we performed
Southern blot experiments to detect specific hybridization to human genomic DNA and to WAI7 DNA as compared to DNA from the cell line A9, the mouse parent of the somatic cell hybrid. The subclones were then tested for their ability to detect human DNA polymorphisms in three successive screens. Individual subclones derived from 12 different recombinant phage (all listed in Table 2) were used as probes against DNA digests from 6 unrelated individuals. Six restriction enzymes (EcoRI, Hindlll, BamHI, Mspl, TaqI, EcoRV) were used at this stage. Seven of the probes (pPW231F, pPW233F, pPW235D, pPW242B, pPW245D, pPW248D, pPW267C) were subsequently hybridized to Bglll, Hinfl, Kpnl, PstI, PvuII, Sail and XmnI digests of genomic DNA from 4 unrelated individuals. In a final screen, 8 probes (pPW231F, pPW233F, pPW235D, pPW237D, pPW242B, pPW244D, DPW248D, pPW267C) were hybridized to Sad, Bell and Rsal digests of DNA from 4 unrelated individuals.
The results of the search for RFLPs are displayed in In this case allele frequencies were calculated from phenotypic data assuming Hardy-Weinberg equilibrium using Bernstein's correction formula (27) . Probe pPW235D also detects variable fragments of 18.0 kb, 13.1 kb and 11.0 kb but the underlying RFLP(s) has not yet been fully characterized. Additional variants detected but not characterized were with pPW235D (Bglll, Mspl), pPW237D (BamHI), pPW242B (PvuII), pPW248D (PvuII) and pPW258E (BamHI).
Characterization of putative KFLPs An expanded panel of unrelated individuals was used to assess the frequencies of the variants in the general North American population. Allele frequencies observed are displayed for 11 of the putative RFLPs in Table  2 which also presents the calculated polymorphism information content (PIC) for each RFLP (1). This parameter represents the likelihood that progeny of an arbitrary mating will be informative for linkage analysis at the marker locus. The range of PIC values represented by the individual RFLPs was from 0.14 to 0.37.
The informativeness of the other 7 potential RFLPs has not yet been fully investigated.
Initial identification of all putative RFLPs was performed by comparing unrelated individuals. Such analyses can be misleading if the differences observed are due to incomplete digestion of the genomic DNA or other factors unrelated to individual genotype. For the 11 RFLPs in Table 2 , we have determined that the variation displays Mendelian inheritance and therefore represents a useful marker locus. Typical, results of this analysis are displayed in Figures 1, and Figure ^. RFLPs detected in a nuclear family by five chromosome 21 probes Polymorphisms were detected using the indicated probe and enzyme as in Figure 1 . displaying both 7.1 kb and 6.3 kb fragments when tested with pPW228C. Three children are also heterozygotes, one child is homozygous for the 7.1 kb fragment, and one child is homozygous for the 6.3 kb fragment. In the same family, only the father is heterozygous for the 7.6 kb and 5.0 kb fragments detected by pPW228C in an Mspl digest, while the mother is homozygous for the 5.0 kb fragment. As expected, the children were either heterozygotes or homozygotes for the 5.0 kb fragment.
These data are consistent with the presence in the father of one chromosome 21 carrying the 7.1 kb BamHI and 5.0 kb Mspl fragments with the second chromosome 21 carrying the 6.3 kb BamHI and 7.6 kb Mspl fragments.
The father was also heterozygous for the 1.9 and 2.9 kb fragments detected in an EcoRI digest with pPW236B. The mother was homozygous for the 1.9 kb fragment. Again, all children were either identical to the mother, or heterozygous like the father. As expected, no children were apparent homozygotes for the 2.9 kb fragment. Furthermore, the pattern of inheritance observed for the 2.9 kb fragment is consistent with its presence on the same chromosome in the father as the 7.6 kb Mspl fragment detected by pPW228C. A constant fragment was observed in all individuals at 0.9 kb indicating the presence in the genome of a second sequence related to pPW236B.
A Mendelian pattern of inheritance was also observed for the pPW236B TaqI polymorphism but this could not be compared to the previous sites since it was tested in a different nuclear family. Unlike the EcoRI digest, no constant fragment was observed with pPW236B in the TaqI digests. The variable 1.9 kb EcoRI fragment and the cross-hybridizing 0.9 kb EcoRI fragment might therefore reside in close proximity and derive from the same 4.0 kb TaqI fragment.
The same family used for pPW228C with BamHI and Mspl and with pPW236B
with EcoRI was also used to trace the inheritance of the polymorphisms detected by pPW231F, pPW233F, pPW244D, pPW245D and pPW267C as shown in Figure   2 . In all cases, only one parent was heterozygous for the given polymorphism and the data were consistent with Mendelian inheritance.
For OPW233F and pPW267C, the mother was heterozygous for both polymorphisms while the father was homozygous. The pattern of inheritance of the alleles in the children indicated the presence of at least one recombination event between these two sites; the most parsimonious explanation is that the crossover occurred in the gamete giving rise to the eldest son.
When pPW231F, pPW244D and pPW245D were used as probes, the father was heterozygous for each polymorphic site while the mother was a homozygote. No obligate recombination events were observed between the pPW231F TaqI and the pPW244D EcoRI polymorphic sites, but both of these must have recombined with the polymorphic pPW245D Hindlll site, again with the eldest son most likely being the only recombinant. From the data in Figure 1 discussed above, the pPW245D Hindlll polymorphic site is segregating together with the pPW228C Mspl and BamHI polymorphisms and the pPW236B EcoRI polymorphism with no obligate recombinants. Clearly this linkage data does not approach statistical significance, and many more families must be typed to achieve accurate estimates for the genetic distances separating these markers. The fact that recombination events have been observed does, however, indicate that these loci are not all clustered in a small region of chromosome 21.
Data from the families in figures 1 and 2 and from several additional sibships were used to calculate the relative likelihood of Mendelian inheritance versus random distribution of the different sized fragments for the 11 RFLPs as suggested by Barker et al. (23) . The logarithm of the relative Mendelian likelihood which is a measure of the extent to which the data supports the hypothesis of Mendelian inheritance is shown for each RFLP in Table 3 . In all cases, the odds are overwhelmingly (>10 to 1) in favour of Table   3 ). The data was not inconsistent with the presence on chromosome 21 of a segment hybridizing to the probe, but suggested that similar segments may exist on other human chromosomes. Since pPW235D detects variable TaqI fragments, a filter containing Taql-digested somatic cell hybrid DNAs was prepared to clarify this issue. Table 4 shows the results for each hybrid Gusella, manuscript in preparation). These polymorphic markers will therefore provide the foundation for a preliminary linkage map of chromosome 21.
In addition to the 11 new markers described here, several RFLPs mapping to chromosome 21 have been identified using libraries constructed using flowsorted chromosomes (25 
